Full elastic constant tensors of three highpressure polymorphs of silica: stishovite, CaC12-type and columbite-type (a-PbO2 structure); are determined at lower mantle pressures from first-principles using the plane wave pseudopotential method within the local density approximation. The calculated zero pressure athermal elastic moduli are within a few percent of the experiments. We find that the elastic properties of silica are strongly pressure dependent. The shear wave velocity decreases rapidly (by 60 %) and the anisotropy increases rapidly (by a factor of five) between 40 and 47 GPa prior to the transition from stishovite to the CaC12 structure at 47 GPa. At this phase transition, the isotropically averaged shear wave velocity changes discontinuously by 60 %, while the S-wave polarization anisotropy decreases by a factor of two. The transformation of the CaC12 phase to the columbite phase at 98 GPa is accompanied by a discontinuous change of 1-2 % in elastic wave velocity and decrease by a factor of two in anisotropy. We suggest that even a small amount of silica in the lower mantle may contribute significantly to observed seismic anisotropy, and may provide an explanation of observed seismic reflectivity near 1000 km.
Introduction
High-pressure elasticity of silica is important for several reasons: First, silica occurs in Earth's crust and portions of sub ducting slabs in significant amounts; second, it serves as a prototype for high-pressure silicate minerals; and third, an elastic instability occurs in SiO2 resulting in a structural transformation. In addition, the elastic properties of SiO2 are likely to be strongly pressure dependent since it undergoes a series of structural transformations, from a-quartz to, coestite, stishovite, CaC12, columbite (a-PbO•. structure) and finally to pyrite, in the pressure range from 0 to 240 GPa [Karki et al., 1997b] . The extrapolations of the zero or low pressure experimental results to high pressures are not straightforward in the case of silica. Therefore, an explicit determination of its elastic properties as a function of pressure is essential.
Starting from stishovite (a rutlie-type polymorph of SiO2), [Cohen, 1991 [Cohen, , 1992 as shown in Table I . There are not yet experimental data with which to compare the pressure dependence of the elastic moduli predicted by our calculations (Fig. 1) .
In stishovite, cll increases slowly with pressure up to 40 GPa and then decreases on further compression whereas c12 increases more and more rapidly with pressure thereby causing cll -c12 to vanish at approximately 47 GPa ( The isotropic bulk (K) and shear (G) moduli are taken (Fig.  3) . Although it has been recognized that the first transition in particular is associated with a large change in elastic properties, the ability of this transition to reflect significant amounts of seismic energy in the appropriate frequency range has not yet been examined.
To test the hypothesis that lower mantle reflectors are caused by the stishovite to CaC12 phase transition, we have computed normal incidence frequency-dependent reflection coefficients, R, from this transition [Aki and Richards, 1980] (Fig. 4) . The seismic velocity structure associated with the phase transition is unusual (Fig. 3) . In the long wavelength limit, reflectivity is small, since the seismic velocities of the two phases far from the transition region itself are similar. However, in the immediate vicinity of the phase transition: 40-47 GPa, corresponding the depth range 1035-1180 km in the mantle, the elastic properties of stishovite change rapidly. The transition itself is sudden, occuring at a single pressure even in the multi-component mantle. This means that reflectivity at higher frequencies will be that of the step discontinuity associated with the transition.
Most travel time observations will see the phase transition as a step discontinuity. The reflection coefficient is approximately that of the step discontinuity (to within 50 %) for frequencies greater than 10 mHz, lower than that of most travel time observations. The magnitude of R for the step discontinuity is 8 % for P-waves and 29 % for S-waves. The uncertainties in these values are large because of inherent uncertainties in the elastic properties of aggregates: the Hashin-Shtrikman bounds become very broad in the vicinity of the transition (Fig. 3) . 2 volume percent silica to account for the transition, assuming Hashin-Shtrikman average velocities (Fig. 4) . We note that while the transition occurs at a pressure corresponding to 1180 km depth in our athermal calculations, neither the sign, nor the magnitude of the Clapeyron slope of the transition is yet known, and it may occur at somewhat greater or shallower depths in the lower mantle.
Conclusions
Free silica is not generally considered to be present in the lower mantle. Small amounts, however, cannot be ruled out by present seismological observations and mineralogical data. We find that the elastic properties of silica are so unusual that even a few volume percent may be detectable with seismic methods. In particular, we find that stishovite at high pressure is one of the most anisotropic silicates known, with more than a factor of two polarization anisotropy. Moreover, this phase undergoes an unusual, second order phase transition at 47 GPa, which is driven by a shear instability. The transition results in a discontinuous change in shear wave velocity of approximately 60 %. This discontinuity is expected to reflect observable amounts of seismic energy if as little as two volume percent silica exists in the lower mantle. Silica may then provide an explanation of seismic observations of reflective features within the lower mantle. Silica is expected to adopt the columbite structure in the D" layer of the mantle, a phase with qualitatively different elastic anisotropy from either of the two lower pressure octahedral silica phases.
